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"AETHER DRIFT" AND THE ISOTROPY OF THE UNIVERSE: 
A measuremept of an iso t ropies  i n  t h e  pr imordial  black-body r a d i a t i o n  

ABSTRACT : 

This experiment has  detected and mapped large-angular-scale a n i s o t r o p i e s  
i n  t h e  3'K primordial  black-body r a d i a t i o n  wi th  a s e n s i t i v i t y  of 2 x 10 -4 OK 

and an  angular  r e s o l u t i o n  of about 10  0 . It has measured the  motion of t h e  Ear th  
wi th  r e spec t  t o  t h e  d i s t a n t  matter of t h e  Universe ("Aether D r i f t " ) ,  and has  probed 

t h e  homogeneity and i so t ropy  of the Universe ( the  "Cosmological Pr inc ip le")  . 
The experiment uses  two Dicke radiometers,  one a t  33 GHz t o  d e t e c t  t h e  cosmic 
an iso t ropy ,  and one a t  54 GHz t o  d e t e c t  an i so t rop ie s  i n  t h e  r e s i d u a l  oxygen 

above t h e  de t ec to r s .  

Survey A i r c r a f t  (U-2), and has  operated success fu l ly  i n  a series of f l i g h t s  

i n  both  t h e  nor thern  and southern hemispheres. Data tak ing  and a n a l y s i s  t o  

measure t h e  an iso t ropy  have been success fu l ,  and w i l l  continue through t h e  

rest of the year.  

The system has been i n s t a l l e d  i n  the  NASA-Ames Earth 
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I. Introduction 
The Earth is bathed in an apparently universal 3OK microwave radiation 

from space. Its existence is the strongest evidence we have in support of 
the Big Bang theory of the Universe, and its observed isotropy to one part 

3 in 10 

Principle (the speculation that the Universe is isotropic and homogeneous 
on a large scale). Anisotropies are expected at the level of one part in 

a thousand or smaller. We have designed, constructed, and flown 

a radiometer system to detect and map these small anisotropies with a sensi- 

tivity of 2 x 10 
of about 3 mo K which is interpreted as the motion of the Earth and solar 

system at 350 km/sec relative to the black body radiati,on. 
anisotropies observable with this sensitivity will provide a unique probe 

of the nature of the Universe. 

is the strongest evidence we have in support of the Cosmological - .. 

-4 OK . We have detected a first order spherical anisotropy 

Study of the 

The experiment uses two twin-antenna Dicke radiometers, flown to an 
altitude of 65,000 feet in a modified upper hatch of the NASA-Ames Earth 

Survey Aircraft (U-2). 

(lcm) radiometer, whose frequency is in the window between galactic synchrotron 

emission and atmospheric oxygen emission. 
oxygen and residual tilt to the aircraft are measured by a 54 GHz radiometer. 

Each radiometer has two horn antennas, pointing in opposite azimuthal 

directions but 30' from the zenith (see figure 1). 
switched between the two antennas at 100 Hz in order to make a comparison 

between the two regions of the sky. 

due to amplifier drift. 

minute in order to cancel any residual anisotropies between the antennas. 

Every twenty minutes the airplane reverses direction, to detect and 

cancel anisotropies due to the aircraft. 

measurement, the Earth changes its direction of revolution around the sun 
every six months, a reversal shift that our instrument may be sensitive 

enough to detect. 

The cosmic anisotropy is measured with a 33 GHz 

Background anisotropies from 

The receiver is 

This fast switching eliminates l/f noise 

The two antennas are physically interchanged every 

And, for the "Aether Drift" 

11. Theory of the 3OK radiation and expected anisotropies 

In 1965, Penzias and Wilson found an unexpectedly large background 
in their 7 cm microwave receiver. Many workers have since confirmed the 

existence of this background, covering a range in wavelength from several 
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Figure 1. Schematic of Apparatus i n  U-2 Hatch. 

m i l l i m e t e r s  t o  many cent imeters .  Figure 2 shows t h e  measurements, toge ther  

w i t h  a 2.7OK black-body Planck d i s t r i b u t i o n .  Also shown i n  t h e  f i g u r e  are 

i n t e n s i t i e s  i n d i r e c t l y  deduced from measurements of t h e  absorp t ion  s p e c t r a  

of cyanogen molecules around nearby stars, covering s h o r t  wavelengths 

absorbed by t h e  Ea r th ' s  atmosphere. 

The b e s t  d a t a  i n  t h e  m i l l i m e t e r  r eg ion  as of 1973 (Muehlner and Weiss, 

Phys. Rev. C,  7 (1973)) marked with t h e  l e t te r  M, c l e a r l y  shows t h e  expected 

turnover .  More r ecen t  measurements at  Berkeley (D. Woody, J. Mather, 

N. Nishioka, P. Richards,  Phys. Rev. L e t t .  3 4 ,  1036 (1975)), shown i n  

F igure  3 ,  have v e r i f i e d  t h i s  turnover i n  d e t a i l .  The measurements are a l l  

c o n s i s t e n t  w i th  a black-body shape f o r  t h e  r ad ia t ion .  

have a l s o  been made of t h e  d i r e c t i o n a l i t y  of t h i s  r ad ia t ion .  All experiments 

p r i o r  t o  ours  have been cons is ten t  with a f ind ing  of no s i g n i f i c a n t  depa r tu re  

from i so t ropy  g r e a t e r  than 

- 

- 

A number of measurements 

one t e n t h  of one percent .  
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Figure 2. Measurement of the microwave background. (Taken 
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FIG.  3. The present ineasuremcnt (i2u) of the thermodynamic temperature of the cosmic background radiation 

ground-based microwave rndiomcters (see Ref. 1). The data at 3.8 aod 7.6 cm" were obtained from optical nicn- 
suremcnts of cyanogen ( s e e  Refs. 2 and 12). 

a compared with selected results of other experiments. The data for frequcncics S3 cm'' were obtained using 

(Taken from Woody, et a l .  

Most cosmologists t ake  t h i s  r a d i a t i o n  t o  be  a re l ic  from p a s t  epochs 

when our universe  w a s  much ho t t e r  and denser than  i t  i s  now. Indeed, t h e  

presence of t h e  black-body r ad ia t ion  provides  t h e  s t ronges t  evidence t o  

d a t e  f o r  such a "Big Bang" o r ig in  of t h e  Universe. 

the high temperature and d e n s i t i e s  kept  almost a l l  m a t t e r  i n  an ion ized  

state. Free e l e c t r o n s  provided t h e  thermal coupling between r a d i a t i o n  and 

I n  these  earlv epochs 
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matter. When t h e  expanding Universe had cooled t o  approximately 4000 OK, 
t hese  e l e c t r o n s  became bound in to  atoms. A t  t h i s  po in t  t he  r a d i a t i o n  de- 

coupled from t h e  matter, and the  Universe became e s s e n t i a l l y  t r anspa ren t  

t o  t h e  thermal r ad ia t ion .  The expansion of the Universe has red-sh i f ted  

the r a d i a t i o n  down t o  i t s  present-day t e m p e r a t u r e  of 2.7 

a l t e r i n g  i t s  blick-body shape. 

sphere of m a t t e r  whose present rad ius  i s  2 x l o l o  l i g h t  years .  

neut r ino  astronomy becomes p r a c t i c a l ,  t hese  black-body photons provide our  

deepest  probe i n t o  t h e  p a s t  h i s t o r y  of our Universe. 

r a d i a t i o n  decoupled from matter, atoms and molecules w e r e  j u s t  beginning 

t o  form. 

begun. 

mental evidence t h a t  t h e  e a r l y  Universe w a s  i s o t r o p i c  and homogeneous when 

viewed on a l a r g e  scale ( the  "Cosmological Pr inc ip le") .  

0 K without - I .  

The black-body r a d i a t i o n  we observe now w a s  o r i g i n a l l y  emit ted from a 

Unless 

A t  t h e  t i m e  t h e  

Condensation i n t o  stars and ga lax ies  had presumably not  y e t  

The i so t ropy  of t h e  black-body r a d i a t i o n  i s  t h e  s t ronges t  experi-  

The angular  s i z e  of any anisotropy i n  t h e  black-body r a d i a t i o n  i s  

c h a r a c t e r i s t i c  of t he  mechanism which generated i t .  Motion of t h e  Earth 

r e l a t i v e  t o  t h e  "rest frame" defined b i l l i o n s  of years  ago by t h e  last-  

s c a t t e r i n g  of t h e  black-body photons i s  one mechanism that  could produce 

an anisotropy.  This modern "Aether Dr i f t "  experiment measures t h e  vec to r  

sum of a l l  t h e  var ious  motions of t h e  Earth l i s t e d  i n  Table I. According 

t o  Spec ia l  R e l a t i v i t y  (Peebles and Wilkinson, Phys. Rev. 174 ,  2168 (1968)),  

motion of an observer relative to t h e  uniform black-body r a d i a t i o n  leaves 

t h e  s p e c t r a l  shape of t h e  r ad ia t ion  t h e  same, but  al ters t h e  observed black- 

body temperature t o  

T t E = - P - -  0 

T(8) = 5 To ( 1  + Bcose) 
1 - Bcose 

where To = 2.7 OK, f3 is  t h e  ve loc i ty  of t h e  observer r e l a t i v e  t o  t h e  black- 

body rest frame, and 8 i s  t h e  a n g l e  between the observer ' s  viewing d i r e c t i o n  

and 6. It i s  clear from Table I t h a t  Earth r o t a t i o n  i s  n e g l i g i b l e  and t h a t  

motion of t h e  s o l a r  system i n  t h e  galaxy dominates. 

annual o r b i t  of t h e  Earth around t h e  sun should be sepa ra t e ly  d e t e c t a b l e  by 

ou r  experiment by tak ing  d a t a  throughout a year ,  thus  providing an extremely 

powerful cross-check of t h e  e n t i r e  procedure. A t  present  our b e s t  l i m i t  

gives VG = 2 2 40 km/sec. 

p l a n s  have been designed t o  look roughly perpendicular  t o  t h e  Ea r th ' s  

r o t a t i o n  around t h e  sun. 

S m a l l  as i t  is ,  the  

Since w e  have de tec ted  an an iso t ropy ,  our f l i g h t  

I f  the f l i g h t  p lans  had been optimised t o  measure 
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t h e  Earth's annual  v e l o c i t y ,  the e r r o r  would be  reduced by approximately a 

f a c t o r  of two. 

TABLE I: MOTIONS OF THE EARTH RELATIVE TO "REST" FRAME 
- .- 

Expected Veloc i ty  (a) Anisotropy 
Source of Motion (km/sec) (OK) 

1. 

2. 

3. 

4 .  

5. 

6. 

7. 

Ear th  Rotat ion .46 0.1 

Orbi t  around Sun 29.8 5.3 

Solar  System i n  Galaxy 270 f 40 (4927) 

Galaxy around Local Group 80 2 20 (1424) 

Local Group 315 f 15 ( 5 7 5 )  
To ta l  Solar  System around 

Motion of Sun relative t o  
Black-Body 350 - 50 , (63+5) x (measured) 

Local C lus t e r  relative to 
Black-Body 600 120 x ( in fe r r ed )  

(a)Our source  f o r  v e l o c i t i e s  3 t o  5 is  D. W. Sc i ama ,  "Astrophysical 

+ 

Cosmology," pages 183-236, Proceedings of t h e  Enrico Fermi I n t e r -  
n a t i o n a l  School of Physics, Course X L V I I ,  Academic Press ,  New 
York, 1971. 

(b)Calculated according t o  the  formula AT = Tmax - Tmin = 2T0B 
where 6 = veloc i ty /veoc i ty  of l i g h t  and To = 2.7 K. 
This  formula gives  the peak-to-peak amplitude of t h e  anisotropy.  
This  experiment can measure a maximum amplitude of AT* = T08x0.97. 

Other f e a t u r e s  of t h e  Universe which genera te  an iso t ropy  i n  t h e  b lack  

body r a d i a t i o n  y i e l d  more complicated angular  dependencies. 

cons ider  t h e  poss ib l e  r o t a t i o n  of t h e  Universe as a whole. 

r o t a t e s  wi th  an angular  v e l o c i t y  w, then o b j e c t s  a d i s t a n c e  R from us ,  and 

a t  an ang le  0 t o  t h e  axis of r o t a t i o n ,  w i l l  have a v e l o c i t y  ve = wR s i n e ,  

which, when added t o  i t s  Hubble r eces s iona l  v e l o c i t y ,  y i e l d s  a second order  

Doppler s h i f t  (due t o  t i m e  d i l a t i o n )  t h a t  depends on 9. The v a r i a t i o n  

should be a x i a l l y  symmetric, and i t s  f i r s t  o rder  t e r m  (propor t iona l  t o  

cos(20))  would be  e a s i l y  d i s t ingu i shab le  from t h e  Aether D r i f t .  

be cool  i n  t h e  plane of r o t a t i o n  and w a r m  a t  t h e  two poles  of t h e  a x i s .  

A d e t a i l e d  a n a l y s i s  by Co l l in s  and Hawking (Monthly Notices of t h e  Royal 
A - +  _-_-_ :-..i C - , < - ~ - -  7 1 9  1n7 i 1 0 7 3 \ \  -1. -_.- cL.,c if T L : - - ~ - - -  --c-c-a 

a t  a rate of once per  1014 years ,  an  an iso t ropy  of 1 0  x 

For example, 

I f  t h e  Universe 

It would 

n u c L u i i u u L A L a A  LIULLCLY , L U L ,  > V I  \ A J #  2)) a i L u w a  C L L a L  LLIC U i i L v c L a C  L u C a L c u  - 
OK would r e s u l t .  
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Detection of an o v e r a l l  r o t a t i o n  of t h e  Universe would be  of g r e a t  

ph i losphica l  and cosmological importance. 

t h e  ex i s t ence  of l o c a l  frames i s  caused by t h e  m a s s  of t h e  d i s t a n t  gal-  

ax ie s ,  implying t h a t  the apparent r o t a t i o n  of t h e  universe  is  zero. A 

discovery of no<-zero r o t a t i o n  (which is allowed by General R e l a t i v i t y )  

would c a s t  t h e  e n t i r e  Machian philosophy of matter and space-time i n t o  

doubt. 

According t o  Mach's P r i n c i p l e ,  

- I -  

Inhomogeneities i n  t h e  matter d i s t r i b u t i o n  o r  i n  the  expansion of 

t h e  Universe should likewise l e a d  t o  an anisotropy of t he  black body 

r a d i a t i o n .  

harmonic (quadrupole) term which could be confused wi th  r o t a t i o n ,  i t  i s  

l i k e l y  t h a t  they would a l s o  y i e l d  higher  order  t e r m s .  

i s  closed o r  near ly  c losed one could expect t he  dominant por t ion  of a shear  

an iso t ropy  t o  be quadrupole; i f  the  universe  i s  open i t  would be mostly 

of higher  order .  Most cosmologists be l i eve  t h a t  an experiment an order  

of magnitude more s e n s i t i v e  than previous experiments i s  bound t o  d e t e c t  

such an inhomogeneity. Such inhomogeneities have been r e l a t e d ,  i n  c e r t a i n  

t h e o r i e s ,  t o  the  ex i s t ence  af the  observed super -c lus te rs  of ga lax ies .  

Although these  might i n  p r i n c i p l e  g ive  a second sphe r i ca l  

I f  t h e  Universe 

I n  some of t hese  t h e o r i e s  the Universe w a s  i n i t i a l l y  completely 

inhomogeneous. 

t h e  t r anspor t  of energy and momentum t h a t  occurred e a r l y  i n  t h e  Big Bang. 

There are l i m i t s  on t h e  angular s c a l e  s i z e  of reg ions  which could have 

been i so t ropized  t h i s  way: 

any homogenizing signal from f u r t h e r  away than t h e  d i s t ance  l i g h t  could 

travel between t h e  t i m e  of t h e  Big Bang and t h e  t i m e  of t h e  decoupling of 

r a d i a t i o n  and matter. 

The approximate homogeneity w e  now observe came about by 

a given region of space could not  have received 

Weinberg has ca l cu la t ed  the  angular  s i z e  of i so t rop ized  regions i n  

t h e  sky which could have been generated t h i s  way ("Gravi ta t ion and 

Cosmology: 

t i v i t y " ,  Wiley, New York, 1972,  page 525). H e  r e p o r t s  t h a t  i so t ropy  

l a r g e r  than j u s t  a f e w  degrees of angle  i n  t h e  sky r equ i r e s  a pr imordial  

homogeneity.* 

P r i n c i p l e s  and Applications of t h e  General Theory of Rela- 

A good sky map, with the  temperature of t h e  black-body 

* For t h e  case of an ionized i n t e r g a l a c t i c  medium providing t h e  m a s s  t o  
c l o s e  t h e  universe  g r a v i t a t i o n a l l y ,  t h i s  s i z e  grows t o  perhaps 1/10 

p lace  a t  a much later t i m e .  
-c *L-  *Le ..-..nrr..nl:nr, rrc ....rccrr... 1-1 --><-A:-- &Le.. +-- l -  
VI ~ i i e  any, ~ A L I L C  L ~ I C  U I A ~ . V ~ ~ * A L I E ~  VI i i i a L L = L  aiiu L d u i a L i u i i  ~ i i ~ i i  L U U ~  
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radiation measured with fractional millidegree temperature accuracy in 15' 
angular bins might in fact show such residual anisotropies, thereby dis- 

closing information about the size of the density homogeneity in the early 
universe, even before matter and radiation were uncoupled. - .- 

Most other- sources of anisotropy should occur on angular scales too 
small for us to observe with this experiment (resolution of about lo"), 

but might conceivably occur on scales larger than expected. 

scale anisotropies could be due t o  inhomogeneities in the promordial 

plasma, or nascent galaxies, or they might be the first indication of 

discrete sources. 

spots in the sky. Dark spots could also occur due to absorption of some 

black-body radiation by large objects along the line of sight. 

density of energetic electrons in galactic clusters might attenuate the 

black-body radiation, by scattering it to higher frequencies. Such a 

cloud of electrons and their associated protons could help provide the 

mass needed for gravitational binding of galactic clusters. 

Such small- 

Such emission anisotropies would appear as bright 

A high 

The following table summarizes the possible causes of an inhomogeneity 

in the black-body radiation, and states the features of its angular dis- 

tribution which would help distinguish it. 

TABLE 11: SOURCES OF ANISOTROPY AND THEIR ANGULAR DISTRIBUTIONS 

Aether Drift - motion around sun 

Aether Drift - motion of sun around 

0 . 3  m 0 K cose, direction varies 
during a year 

3 . 2  m°K case 
galaxy and galaxy relative to relic 
radiation 

Spin of Universe 

Anisotropic Expansion of Universe 

cos ( 2 8 ) ,  although higher 
order terms possible 

cos (28), although higher 
order terms possible 

Primordial Inhomogeneities cos (ne), n probably large 

Other Inhomogeneities correlated position in sky with 
suspected source 
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111. Experiment S t a t u s  and Results P r i o r  t o  Southern Hemisphere F l i g h t s  

The h i g h l i g h t  of our  r e s u l t s  p r i o r  t o  f l i g h t s  i n  t h e  southern  hemi- 

sphere w a s  t h e  d e t e c t i o n  of an anisotropy b e s t  described by a f i r s t  o rde r  

s p h e r i c a l  harmonic (dipole) .  The d i p o l e  component is  about 3 moR whi le  
any quadrupole and h igher  o rde r  component i s  less than 1 m°K. Figure 4 

* -  - 
shows t h e  f i t  of t h e  d a t a  t o  a first o rde r  s p h e r i c a l  harmonic. 

term a lone  gives a s i g n i f i c a n t l y  worse f i t  t o  t h e  d a t a  than a d ipo le  alone. 

A combined d ipo le  and quadrupole f i t  does not give a s i g n i f i c a n t l y  b e t t e r  

f i t .  

A quadrupole 

Figure 5 shows t h e  sky coverage as of March 1978. 

This f i r s t  o rder  anisotropy is  most r e a d i l y  i n t e r p r e t e d  as being due 

t o  t h e  motion of t h e  s o l a r  system r e l a t i v e  t o  t h e  cosmic black-body rad ia-  

t i o n .  The relative motion produces a Doppler s h i f t  of t h e  observed r ad ia -  

t i o n .  An aniso t ropy  of magnitude 3 m°K corresponds t o  a s o l a r  p e c u l i a r  

v e l o c i t y  of about 350 km/sec. 

of t h e  s o l a r  system around t h e  galaxy. However, i t s  d i r e c t i o n  is  not 

c o n s i s t e n t  wi th  t h a t  given by the r o t a t i o n  of t h e  galaxy. 

t h e  r o t a t i o n  of t h e  galaxy is taken i n t o  account, t h i s  measurement impl ies  

a g a l a c t i c  p e c u l i a r  v e l o c i t y  of about 600 km/sec r e l a t i v e  t o  t h e  cosmic 

black-body r a d i a t i o n .  This i s  a d i s t u r b i n g l y  l a r g e  ve loc i ty .  I n  a d d i t i o n  

t h i s  v e l o c i t y  d i sag rees  wi th  tha t  found by s e v e r a l  astronomers looking 

a t  t h e  motion of t h e  sun with respec t  t o  nearby s e t s  of ga l ax ie s .  Our 

r e s u l t s ,  however, are i n  agreement wi th  t h e  an iso t ropy  i n  t h e  background 

r a d i a t i o n  measured by Corey and Wilkinson a t  Pr ince ton .  (See Figure 6 ) .  

T h i s  v e l o c i t y  i s  comparable t o  t h e  motion 

I n  f a c t ,  when 

The apparent f a c t  t h a t  the measurements of t h e  background r a d i a t i o n  

ag ree  wi th  each o the r  but are not c o n s i s t e n t  wi th  t h e  astronomers' f i nd ings  

raises t h e  ques t ion  of whether t h e  an iso t ropy  i s  produced by t h e  s o l a r  

p e c u l i a r  v e l o c i t y  of is  i n t r i n s i c  t o  t h e  black-body r a d i a t i o n  i t s e l f .  

Only two homogeneous models of the Universe produce d i p o l e  a n i s o t r o p i e s  

i n  t h e  background r a d i a t i o n .  

One model (discussed by Col l ins  and Hawking, MNRAS - 162),  involving 

a c losed  un ive r se ,  allows a l l  t h e  mat te r  i n  t h e  Universe t o  have a n e t  

p e c u l i a r  v e l o c i t y  r e l a t i v e  t o  the comoving expansion frame of re ference .  
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I n  t h i s  case, w e  have measured t h a t  pecu l i a r  v e l o c i t y  t o  be  about 600 km/sec 

a t  t h e  t i m e  of last  s c a t t e r i n g .  

about 1 and 80 km/sec depending upon the t i m e  of last s c a t t e r i n g .  

model is  not  p a r t i c u l a r l y  pleasing i n s o f a r  as i t  

matter i n  t h e  Universe had a pecu l i a r  v e l o c i t y  near  t h e  speed of l i g h t  

s h o r t l y  a f t e r  t h e  Big Bang, which damped down t o  600 km/sec a t  t h e  last  

s c a t t e r i n g ,  and then down t o  a few km/sec a t  t h e  present .  

This  v e l o c i t y  could p r e s e n t l y  be  between 

This 

p o s t u l a t e s  t h a t  a l l  t h e  

The o the r  model is  discussed by Doroshkevich, Lukash, and Novikov 

(Sov. Astron.,  Vol. 18 No.  5). An open universe  which expands a t  a d i f f e r e n t  

ra te  along one a x i s  than  t h e  other  two w i l l  have an i n t r i n s i c  quadrupole 

an iso t ropy .  I f  t h e  Universe i s  open, i t s  changing hyperbol ic  geometry 

d i s t o r t s  t h e  appearance of t h e  quadrupole an iso t ropy  i n t o  a roughly d i p o l e  

cha rac t e r  over a l a r g e  f r a c t i o n  of t h e  sky. 

an iso t ropy  would be squeezed i n t o  a r e l a t i v e l y  s m a l l  po r t ion  of t h e  sky. 

The c h a r a c t e r i s t i c  angular  s i z e  of t h e  d i s t o r t e d  reg ion  would be  about 

23" i f  the dens i ty  of t h e  Universe i s  10% of the c r i t i ca l  dens i ty .  

our measured an iso t ropy ,  w e  pred ic t  t h i s  s e c t i o n  of t h e  sky would be 

roughly centered on RA = 11 h r s ,  and 6 = -20". 

should d i s t i n g u i s h  t h i s  d i s t o r t i o n  from a t r u e  d ipole .  

The bulk  of t h e  quadrupole 

For 

Measurements i n  t h e  reg ion  

The present  d a t a  i s  w e l l  f i t  by a d ipo le  an iso t ropy  and has  symmetrical 

e r r o r s .  

v e c t o r s  . 
Table I11 below gives  c o r r e l a t i o n  matrix* and t h e  d a t a  and e r r o r s  

TABLE 111: CORRELATION MATRIX AND SIGNAL AND ERROR VECTORS 

Corre la t ion  Matr ix  

Direct ion  
A 
X 

A 
Y 

A 
Z S igna l  f Error  (m"K) 

A 

Y = 6 h r s  -0.08 1.00 O..] ATy= 0.68 0.32 
A 
Z = 90" dec -0.41 0.08 1.00 ATz= 0.43 0.36 

-0.08 -0 .41  ATx= -3.07 0.31 

* The c o r r e l a t i o n  mat r ix  i s  a measure of how independently each component 
i s  measured. 
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There is a c o r r e l a t i o n  (-0.41) between t h e  X and Z (po lar )  axis components 

because our present  sky coverage is  not  uniform - most of t h e  coverage i s  

between 3 and 15 hours of right ascension and f o r  t h e  f i r s t  f l i g h t s  t h e  

equipment had about twice i t s  eventual  no ise ,  thus  less e f f e c t i v e  coverage 

by t h e  d a t a  from 22 t o  3 hours of r i g h t  ascension. 

t i o n  t h e  e r r o r s  would be  0.28, 0.32, and 0.31 m"K r e spec t ive ly .  

component has a l a r g e r  e r r o r  even wi th  nea r ly  twice t h e  observing t i m e  of 

t he  o the r  two components because a l l  f l i g h t s  s o  f a r  analyzed have been i n  t h e  

nor thern  hemisphere and from Ames; no more than about 60" i n  dec l ina t ion  has 

been covered, while t he  f u l l  r i g h t  ascension has been swept ou t .  

i s  even more pronounced i n  a combined d ipo le  and quadrupole f i t .  

combined f i t  t he  e r r o r s  are s u b s t a n t i a l l y  enlarged,  being 0.51, 0.50, 40.3 m°K 

f o r  t h e  d ipole .  

is  due t o  a c o r r e l a t i o n  i n  t h e i r  e r r o r s .  Over the  range from 6" t o  66" i n  

dec l ina t ion  i t  i s  d i f f i c u l t  to t e l l  t h e  d i f f e rence  between s i n e  and s i n  8. 

T h i s  coupled wi th  t h e  c o r r e l a t i o n  of sky coverage i n  dec l ina t ion  and r i g h t  

ascension,  r e s u l t s  i n  a s t rong  c o r r e l a t i o n  between t h e  polar  d ipo le  component 

and the  quadrupole components. Linear combinations of these  g ive  the  same 

aniso t ropy  t o  about 0.5 m°K over the  regions w e  have measured, b u t  gross ly  

d i f f e r e n t  r e s u l t s  f o r  reg ions  f a r  from where w e  have measured. W e  expect our  

f l i g h t s  from Peru ( a t  roughly t h e  s a m e  l a t i t u d e )  w i l l  reduce the  e r r o r s  t o  

0.34, 0.46 ,  0.56 m"K and 0.32, 0.38, 0.40 m"K respec t ive ly .  S i m i l a r l y ,  a l l  

e r r o r s  on t h e  quadrupole are expected t o  drop below 0.5 m°K. 

- .- 
Without t h i s  co r re l a -  

The polar  

This e f f e c t  

For the  

The l a r g e r  e r r o r  i n  the  polar  d ipole  and quadrupole components 

2 

A t  t h i s  po in t  t h e  d a t a  can be used t o  measure and l i m i t  e i t h e r  t h e  

d i p o l e  o r  quadrupole a lone;  however, f o r  a combined l i m i t  we must make a 

s t a t i s t i c a l  argument, s t a t i n g  the  p r o b a b i l i t y  t h a t  t h e  d ipole  and quad- 

rupole  components would happen t o  cance l  over t h e  1 /3  of t h e  sky c u r r e n t l y  

measured. 

above and set a l i m i t  on t h e  amount of power i n  t h e  quadrupole as no more 

than 1 m"K wi th  a 70% probabi l i ty .  

provides  s t r i n g e n t  l i m i t s  on any poss ib l e  r o t a t i o n  of t h e  universe ,  aniso- 

Using t h i s  reasoning, w e  have measured the  d ipole  discussed 

This l i m i t  on t h e  quadrupole anisotropy 



-14- 

tropic Hubble expansion, or long wavelength gravity waves. 

The actual value of the limit depends on cosmological parameters 
such as the ratio of the actual density to the critical density and the 

time of last scattering. 

of decoup1ing;"the present rate of anisotropic Hubble expansion is limited 
Assuming the last scattering was at the time 

to less than one part in 10 5 . The limit on density homogeneities for the 
part of the sky observed is about cne part in a thousand, while the energy 

density of long wavelength gravity waves is limited to approximately the 

critical density. We have also tested the Cosmological Principle to one 

part in 3000, assuming that the anisotropy that we see is due to our 
peculiar velocity. 



-15- 

IV. SOUTHERN HEMISPHERE FLIGJ3TS 

U2 opera t ions  w e r e  undertaken i n  Peru i n  o rde r  t o  provide southern  

sky measurements of  t h e  cosmic background r ad ia t ion .  F l i g h t s  from Lima, 

Peru took p l ace  on t h e  n igh t s  of March 2, 3, 4, 5. Supportive ground based 

measurements w e r e  taken fromMarch 2 t o  21. 

i s  being processed wi th  r e s u l t s  forthcoming shor t ly .  

A t  t h e  present  t i m e  t h e  d a t a  - 

We expect our  d a t a  from t h e  southern  hemisphere f l i g h t s  w i l l  provide 

good v e r i f i c a t i o n  of d ipo le  anisotropy and abso lu te  and s i g n i f i c a n t l y  

improved l i m i t s  on any quadrupole component. 

s i g n  while  a quadrupole moment w i l l  keep t h e  same s ign ;  thus  a s i n g l e  good 

measurement below the  equator w i l l  r e a d i l y  d i s t i n g u i s h  between t h e  two and 

w i l l  quickly l i m i t  t he  maximum poss ib l e  value of e i t h e r .  

The observa t ion  of previously unexplored regions w a s  probably t h e  

A d ipo le  component w i l l  change 

s t r o n g e s t  motivat ion f o r  a southern hemisphere f l i g h t .  Data from t h e  

southern s k i e s  tests f o r  departures  from t h e  d ipo le  anisotropy and unusual 

new fea tu res .  One poss ib l e  reason t h a t  t h e  o p t i c a l  astronomers have found 

a v e l o c i t y  d i f f e r e n t  from our measurement i s  t h a t  t h e r e  are many more i n t e r -  

mediate d i s t ance  ga lax ies  i n  t h e  nor thern  hemisphere than i n  t h e  southern.  

This  is  i n d i c a t i v e  of two th ings ,  a poss ib l e  sys temat ic  b i a s  and t h e  f a c t  t h a t  

i n  t h e  p a s t  t h e  southern hemisphere has  proven d i f f e r e n t  from t h e  northern.  

A p re s s  conference w a s  conducted on March 2. S ign i f i can t  i n t e r a c t i o n  

wi th  t h e  p r e s s ,  pub l i c  and some Peruvian o f f i c i a l s  continued through March 6 .  
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V. CONTINUING WORK 

We w i l l  cont inue the ana lys i s  of t h e  e x i s t i n g  d a t a  and conduct some 

r e l a t e d  ground-based measurements. A t  p resent  t h e  d a t a  from a f l i g h t  can 

be processed, have f irst  order  cor rec t ions  (amounting t o  t y p i c a l l y  5 0.5 m°K) 

appl ied ,  and then  be  f i t t e d  t o  d ipole  and quadrupole components. 

of da t a  a n a l y s i s  has  progressed p a s t  t h e  quick look l e v e l .  

process of a more thorough and complete d a t a  a n a l y s i s  program. In  t h i s  process  

we are doing t h e  usua l  d a t a  handling cross-checkingy and s tudying t h e  s ta t is t i -  

ca l  p r o p e r t i e s  of t h e  d a t a ,  and the i n t e r p r e t i n g  of t h e  r e s u l t s .  W e  are a l s o  

eva lua t ing  t h e  e f f e c t s  of poss ib le  sys temat ic  e r r o r s  both through c a l c u l a t i o n  

and ground based measurements. 

This  s t a g e  

W e  are now i n  t h e  

The abso lu te  c a l i b r a t i o n  of our system in t roduces  the  l a r g e s t  unce r t a in ty  

t o  our  r e s u l t s  a s i d e  from s t a t i s t i c s  by a scale f a c t o r  which could vary by 

about 7%. 

e x i s t i n g  d a t a  and a d d i t i o n a l  c a l i b r a t i o n  of t h e  equipment. 

W e  p l an  t o  reduce t h i s  unce r t a in ty  by a more c a r e f u l  a n a l y s i s  of 

W e  estimate t h a t  t h e  o the r  systematic  e r r o r s  are < 25% of our  s ta t i s t ica l  

e r r o r s .  

grounds. For example, we have measured t h e  33 GHz emissions from Orion A - 
a t y p i c a l  H - I 1  reg ion  using a l a r g e r  ground based antenna but  w i th  t h e  same 

r e c e i v e r  system used i n  our f l i g h t s .  W e  are a l s o  re-est imat ing and cross-  

checking t h e  g a l a c t i c  synchrotron emission and the  o the r  sys temat ic  e r r o r s .  

I n  conclusion,  w e  hope t o  understand our experiment t o  t h e  p o i n t  where 

W e  are i n  t h e  process  of r e f i n i n g  our  estimates of sys temat ic  back- 

- 4 O K  w e  w i l l  have measured t h e  d ipo le  anisotropy t o  an accuracy of about 2 x 10 

and have improved our  l i m i t  on the quadrupole and h igher  order  a n i s o t r o p i e s  

a f a c t o r  of two t o  one p a r t  i n  6000. This w i l l  r epresent  a very s i g n i f i c a n t  

l i m i t  and s t rong  tes t  o f  t h e  Cosmological P r i n c i p l e ,  and is about a f a c t o r  of 

6 improvement over o t h e r  experiments. 


